liquid chromatographic analysis and by showing that the MICs of the standard antibacterials were within acceptable limits against quality control strains (19) .
MIC determinations in vitro. MICs were determined by the agar dilution method with Mueller-Hinton agar (Difco, Detroit, Mich.), according to the recommendations of NCCLS (19) . The inocula were adjusted to deliver 10 4 CFU/spot with a multipoint inoculator (Applied Quality Services, Horshan, West Sussex, United Kingdom). The plates were incubated at 35°C for 18 h, and the MICs were read as the lowest concentration of drug that completely inhibited bacterial growth. The comparators included were clinafloxacin, moxifloxacin, trovafloxacin, levofloxacin, ciprofloxacin, vancomycin, and teicoplanin. Quinolones were also tested in the presence of 20 g of reserpine per ml, as described previously (16) .
In vivo murine infection models. The protocols for the in vivo efficacy studies with WCK 771 and the other agents described here were reviewed and approved by Wockhardt Animal Ethics Committee (WAEC), which functions under the Indian Government's regulations for animal experimentation. Fifty percent of the WAEC members are external to the Wockhardt Research Center. The statistical significance of differences was determined with SYSTAT software, version 10.2. Data from all experiments were analyzed by analysis of variance (ANOVA) with the post hoc test (Scheffe test).
(i) Effect of staphylococcal NorA efflux pump on quinolone efficacy in intraperitoneal infection model. To determine the influence of the NorA efflux pump on the in vivo efficacies of the fluoroquinolones, S. aureus 1199B (NorA ϩ ) and S. aureus 1199 (NorA Ϫ ) systemic infections were established in mice. S. aureus 1199B is a NorA-hyperexpressing strain with a grlA mutation, and S. aureus 1199 is a wild-type strain. These strains were grown overnight on Trypticase soy agar plates at 37°C and suspended in 5% hog gastric mucin (Difco). Swiss mice (six mice per dose; age, 4 weeks; weight, 20 g) were inoculated intraperitoneally with 0.5 ml of bacterial suspension so that each mouse received 2 ϫ 10 8 to 3 ϫ 10 8 CFU. All untreated control animals died within 24 h of infection. All agents were administered orally. For S. aureus 1199, WCK 771, moxifloxacin, and sparfloxacin were administered at doses of 2.5, 5, and 10 mg/kg of body weight; ciprofloxacin was administered at doses of 10, 20, and 30 mg/kg; and levofloxacin was administered at doses of 5, 10, and 20 mg/kg. For S. aureus 1199B, the WCK 771 and sparfloxacin doses were 2.5, 5, and 10 mg/kg; the moxifloxacin doses were 5, 10, and 20 mg/kg; the levofloxacin doses were 10, 20, and 50 mg/kg; and the ciprofloxacin doses were 100, 200, and 300 mg/kg. These doses were administered twice, at 1 and 4 h postinfection. Mice were observed for survival for up to 7 days. The 50% effective doses (ED 50 s) and the 95% confidence intervals were calculated by probit analysis (18) .
(ii) MSSA and MRSA intraperitoneal infection model. The efficacies of WCK 771, moxifloxacin, trovafloxacin, and sparfloxacin, administered subcutaneously (s.c.) and orally, against methicillin-susceptible S. aureus (MSSA) strains, S. aureus ATCC 25923 and S. aureus Smith (ATCC 13709), were evaluated. These strains were grown overnight on agar plates at 37°C and suspended in 5% hog gastric mucin (Difco). Swiss mice (six mice per dose group; age, 4 weeks; weight, 20 g) were inoculated intraperitoneally with 0.5 ml of bacterial suspension so that each mouse received 2 ϫ 10 8 to 3 ϫ 10 8 CFU. The treatment was given at doses of 0.6, 1.2, 2.5, and 5.0 mg/kg twice at 1 and 4 h postinfection by the s.c. and the oral routes. All untreated control animals died within 24 h of infection. The efficacies of WCK 771, trovafloxacin, sparfloxacin, and vancomycin were also tested against six clinical MRSA strains (ciprofloxacin MICs Ͼ 8 g/ml) causing infections in animals. Swiss mice (six mice per dose group; age, 4 weeks; weight, 20 g) were inoculated intraperitoneally with 0.5 ml of a bacterial suspension so that each mouse received 2 ϫ 10 8 to 5 ϫ 10 8 CFU. Treatment was by s.c. administration of WCK 771, trovafloxacin, and sparfloxacin at 30, 50, 75, and 100 mg/kg and vancomycin at 2.5, 5, 10, and 15 mg/kg; two doses were administered, at 1 and 4 h postinfection. Mice were observed for survival for up to 7 days. ED 50 s and 95% confidence intervals were calculated by probit analysis (18 3 , and 5 h after infection). The lesions that formed at the site of infection were excised 24 h after administration of the last dose and were homogenized in 2 ml of ice-chilled saline to determine the bacterial load, and the results are expressed in relation to the initial bacterial load determined 1 h after infection in control animals.
(iv) Efficacy in disseminated systemic infection. Three groups each with 10 Swiss mice (age, 4 weeks; weight, 23 to 26 g), comprising five males and five females per group, were infected by intraperitoneal injection of 0.5 ml of 10 6 to 10 7 CFU of MRSA 32 per ml suspended in 5% hog mucin (Difco). One group served as an untreated control, while the remaining two groups were treated at 1, 4, 24, and 27 h after infection with vancomycin and WCK 771 s.c. at doses of 20 and 50 mg/kg, respectively. Since WCK 771 was expected to have superior bactericidal action compared to that of vancomycin, the efficacy of WCK 771 at the ED 90 was compared with that of vancomycin at four times the ED 90 . The lungs, livers, spleens, and kidneys of the mice in the treatment groups were removed 48 h after administration of the last dose. Organ tissue homogenates were prepared in 3 ml of chilled sterile saline with a tissue homogenizer (IKA-WERKE, Staufen, Germany). Homogenates were suitably diluted in sterile saline and plated on agar plates to enumerate the bacterial load of each organ. The organs of the control untreated animals were excised at the time of onset of treatment, and the bacterial loads were determined. Bacterial eradication was assessed by comparing the reduction of bacterial counts in each organ in the infected groups with the bacterial loads of the control animals at the time of onset of treatment.
Pharmacokinetics in mice. The pharmacokinetic profiles of WCK 771 and comparators, each at a dose of 50 mg/kg, were studied. The 50-mg/kg dose was selected on the basis of the fact that this dose of WCK 771 achieves the therapeutically relevant end points of bacterial eradication and survival of mice infected with MRSA strains. Groups of 21 fed Swiss mice (age, 4 weeks; weight, 23 to 26 g), with three mice used for each time point, were given single s.c. doses of 50 mg of WCK 771, moxifloxacin, trovafloxacin, sparfloxacin, vancomycin, or linezolid per kg. Blood samples (1.5 ml) were collected by retroorbital puncture at 0, 0.25, 0.5, 1, 2, 4, and 6 h postdosing and were placed in 2-ml Eppendorf tubes. The blood samples were allowed to coagulate for 1 h at 37°C, and serum was separated by centrifugation. Drugs were extracted from 1 ml of serum with solid-phase extraction cartridges (OASIS HLB; Waters) and eluted from the cartridges with 2 ml of methanol. The concentrations of drugs in the methanolic eluates were estimated by a validated high-pressure liquid chromatography assay (Agilent-1100). A liquid chromatography-mass spectrometry-mass spectrometry method was used for the analysis of vancomycin in mouse serum samples. Pharmacokinetic parameters, including the area under the concentration-time curve (AUC), the maximum concentration of drug in serum (C max ), and half-life (t 1/2 ), were determined by the WinNonlin method (10) . Protein-bound and nonprotein-bound serum fractions were determined on the basis of the methods published in the literature (2, 7, 15, 17, 26, 28, 29, 32) .
RESULTS

MIC determinations.
On the basis of their susceptibilities to ciprofloxacin, all MSSA isolates and coagulase-negative staphylococci were quinolone susceptible, and almost all (Ͼ99%) MRSA isolates were quinolone resistant ( Table 1 ). The ciprofloxacin MICs for 161 of the 196 ciprofloxacin-resistant isolates (82.1%) were fourfold or more lower in the presence of 20 g of reserpine per ml. The potency of WCK 771 against Indian staphylococcal isolates was comparable to that of clinafloxacin. The gradation of potency in terms of the MIC at which 90% of isolates are inhibited (MIC 90 ) for MSSA and methicillin-susceptible Staphylococcus epidermidis (MSSE) was WCK 771 ϭ clinafloxacin Ͻ moxifloxacin ϭ trovafloxacin Ͻ levofloxacin Ͻ ciprofloxacin ϭ vancomycin Ͻ teicoplanin, and that for MRSA and methicillin-resistant S. epidermidis (MRSE) was WCK 771 ϭ clinafloxacin Ͻ vancomycin ϭ teicoplanin Ͻ moxifloxacin ϭ Table 3 . The ED 90 of WCK 771 administered orally ranged from 4.37 to 5.0 mg/kg. The efficacy of WCK 771 administered orally was significantly (P Ͻ 0.05) superior to those of sparfloxacin and moxifloxacin for both strains tested. The efficacy of WCK 771 administered by the s.c. route was comparable to those of moxifloxacin and sparfloxacin. However, trovafloxacin had the highest efficacy by both routes.
The efficacy of WCK 771 against six clinical isolates of MRSA is shown in Table 4 . The ED 50 s of WCK 771 ranged from 27.8 to 46.8 mg/kg, and the ED 90 range was 48.6 to 70.4 mg/kg. The efficacy of WCK 771 was significantly (P Ͻ 0.05) superior to those of trovafloxacin and sparfloxacin for five of the six strains studied. Against MRSA 32 infection, the efficacy of WCK 771 was superior to that of sparfloxacin but was comparable to that of trovafloxacin. The protective doses of vancomycin were significantly lower for all six MRSA strains.
Staphylococcal cellulitis model. The MICs of the test drugs for the staphylococcal strains used in the cellulitis model are shown in Table 5 , and histograms of the log CFU reduction per lesion for one MSSA strain and two MRSA strains are shown in Fig. 2 . For infections with S. aureus Smith, WCK 771 at a dose of 2.5 mg/kg brought about a 3-log 10 reduction in the bacterial load per lesion, whereas moxifloxacin showed a bacteriostatic effect ( Fig. 2A) . Vancomycin was bacteriostatic at 25 mg/kg (P Ͼ 0.05), but at the 50-mg/kg dose it resulted in about a 2.5-log 10 reduction in the organism load per lesion (P Ͻ 0.05). Linezolid at 50 mg/kg reduced the organism load by only 0.89 log 10 per lesion and linezolid at 75 mg/kg reduced the organism load by 1.68 log 10 per lesion, but these changes were not statistically significant (P Ͼ 0.05). WCK 771, linezolid, and vancomycin reduced the bacterial loads in a dose-dependent manner.
WCK 771 was the most efficacious compound against MRSA 5027 infections, and at 25 mg/kg it significantly (P Ͻ 0.05) reduced the bacterial load by 3 log 10 per lesion, whereas vancomycin showed a bacteriostatic effect (Fig. 2B) . Moxifloxacin at the same dose reduced the count marginally. At 50 mg/kg, WCK 771 and vancomycin showed comparable efficacies (3.97-and 3.53-log 10 reductions per lesion, respectively), with the efficacies of both compounds being superior to that of moxifloxacin at this dose (1.43-log 10 reduction per lesion); however, the reductions were statistically significant (P Ͻ 0.05) for all three agents. Linezolid was bacteriostatic, even at a higher dose of 50 mg/kg.
For MRSA 32 infection, none of the agents at a dose of 25 mg/kg reduced the bacterial loads. On the contrary, treatment with this dose increased the bacterial loads by 0.5 to 1.5 log 10 per lesion (Fig. 2C) . However, at the 50-mg/kg doses of these agents, only WCK 771 reduced the bacterial count significantly (by 1.5 log 10 per lesion [P Ͻ 0.05]), whereas vancomycin had a bacteriostatic effect; and the lesions of moxifloxacin-and linezolid-treated animals showed increased bacterial counts.
Disseminated systemic infection. The effect of WCK 771 treatment on multiorgan eradication of MRSA 32 48 h after administration of the last dose is shown in Fig. 3 . Treatment with WCK 771 at 50 mg/kg resulted in a Ͼ3-log 10 reduction in organism loads in the liver, kidney, spleen, and lung (P Ͻ 0.05 for all organs). The bacterial loads in the liver and spleen showed about a 5-log 10 reduction per organ, whereas the bacterial loads in the kidney and lung were reduced by 3 to 4 log 10 per organ. Treatment with vancomycin at 20 mg/kg for 2 days gave a response comparable to that of WCK 771.
Mouse pharmacokinetics. The pharmacokinetics of the antibacterial agents in mice in terms of the AUC for serum, C max , and t 1/2 are shown in Table 6 , as are the plasma protein binding properties of these agents. Among the fluoroquinolones administered s.c. at a dose of 50 mg/kg, trovafloxacin showed the highest AUCs from 0 to 6 h (AUC 0-6 s; 34.50 g ⅐ h/ml), followed by WCK 771 (23.02 g ⅐ h/ml), sparfloxacin (20.18 g ⅐ h/ml), and moxifloxacin (12.05 g ⅐ h/ml). When ciprofloxacin was administered by the oral route it attained a lower AUC 0-6 of 7.36 g ⅐ h/ml. Vancomycin and linezolid showed two to four times higher AUCs compared to that of WCK 771. The highest C max and the longest t 1/2 were attained by vancomycin and trovafloxacin, respectively. Among the fluoroquinolones, WCK 771 showed the highest C max (14.5 g/ml). On the basis of these values, the AUC 0-24 s achieved for total and unbound drug in serum with 50-mg/kg doses and the dosing regimen used for the MRSA mouse cellulitis studies (three doses over 5 h, with the bacterial load determined 24 h after administration of the last dose) are as follows: WCK 771, 69.1 and 13.8 g ⅐ h/ml, respectively; moxifloxacin, 36.2 and 18.1 g ⅐ h/ml, respectively; vancomycin, 173.5 and 104.1 g ⅐ h/ml, respectively; and linezolid, 265.5 and 185.9 g ⅐ h/ml, respectively. The AUC/MIC ratios for unbound drug in serum achieved with this dosing regimen would therefore exceed 25, the threshold usually associated with the efficacies of concentration-dependent agents (15) , for isolates for which the MICs were as follows (adjusted to doubling dilution values): WCK 771, Յ0.5 g/ml; moxifloxacin, Յ0.5 g/ml; vancomycin, Յ4 g/ml; and linezolid, Յ4 g/ml.
DISCUSSION
WCK 771 is an arginine salt of the S-(Ϫ) isomer of nadifloxacin. Because the S-(Ϫ) isomer is primarily responsible for antibacterial activity, the potency of WCK 771 is two to four times higher than that of racemic nadifloxacin (22) . The comparative assessment of WCK 771 with other fluoroquinolones demonstrates that this new agent is a highly potent antistaphylococcal fluoroquinolone with improved potency against even fluoroquinolone-resistant strains of S. aureus and coagulasenegative staphylococci. In the present study the MIC 90 of WCK 771 was low (1.0 g/ml) for 198 MRSA and MRSE isolates, which included a significant proportion of quinoloneresistant strains, as evident from the elevated MIC 50 s of ciprofloxacin and levofloxacin.
The potency of WCK 771 (MIC 90 ϭ 1 g/ml) against MRSA and MRSE strains is considerably higher than that of levofloxacin (MIC 90 ϭ 16 g/ml) or ciprofloxacin (MIC 90 ϭ 128 g/ml). It is two-to fourfold more potent than moxifloxacin and trovafloxacin. Additionally, WCK 771 has potency comparable to that of clinafloxacin, one of the most potent anti-MRSA quinolones developed to date (9, 25) . WCK 771 was also found to be the most potent agent tested against 234 clinical isolates of MSSA and MSSE. Thus, on the basis of its antistaphylococcal potency, WCK 771 represents a significant advance over the quinolones available at present.
A large proportion (53.2%) of fluoroquinolone-resistant strains was detected among the clinical isolates of S. aureus used in this study. Among the oxacillin-resistant MRSA isolates, almost all were resistant to ciprofloxacin and levofloxacin, while the rates of resistance to other fluoroquinolones varied from 13.9% for moxifloxacin to 12.7% for trovafloxacin. However, although the MICs of WCK 771 were higher for quinolone-resistant isolates than quinolone-susceptible ones, the WCK 771 MICs ranged from 0.12 to 4 g/ml for ciprofloxacin-resistant staphylococci. Racemic nadifloxacin has been reported to have a similar potency against a large number of staphylococcal isolates collected from 1994 to 2000 (20) (21) (22) . WCK 771 also resists NorA-mediated efflux (S. V. Gupte, was fourfold more potent than clinafloxacin against a VRSA isolate (3). Significantly, WCK 771 was bactericidal against this VRSA strain, which bears mutations in the quinolone resistance-determining regions of gyrA and grlB. The potencies of all other fluoroquinolones tested against vancomycin-intermediate S. aureus and VRSA strains were four-to eightfold less than that of WCK 771. These findings indicate that WCK 771 may be able to overcome currently prevailing molecular mechanisms of fluoroquinolone and vancomycin resistance, provided that its pharmacokinetic properties are adequate. In assessing the impact of the NorA efflux pump on WCK 771 activity, it was observed that the activity of the drug against a NorA-hyperexpressing S. aureus strain was not affected by the presence of reserpine and that there was little difference between the MICs for NorA Ϫ strains and those for NorA ϩ strains ( Table 2 ). This is in agreement with a report that the activity of racemic nadifloxacin is not influenced by the expression of the norA gene (23) . The comparable EDs of WCK 771 for the treatment of infections due to NorA ؉ and NorA Ϫ strains further substantiates the ability of this agent to overcome NorA-mediated efflux. In contrast, there was a significant elevation of the protective dose of ciprofloxacin in animals infected with the NorA ϩ strain compared to that in animals infected with the NorA Ϫ strain. The protective dose of sparfloxacin, which is reported to be a poor substrate for NorAmediated efflux (35) , did not show a significant rise against the NorA ϩ strain. These observations underscore the therapeutic significance of efflux-mediated resistance. The in vivo efficacy data obtained in the systemic MSSA infection model demonstrates that the overall efficacy of WCK 771 administered by either the oral or the s.c. route is comparable to those of moxifloxacin and trovafloxacin and is superior to that of sparfloxacin (Table 3) .
The efficacy of WCK 771 against systemic MRSA infections is superior to those of trovafloxacin and sparfloxacin, with ED 90 s (48.6 to 70.4 mg/kg) considerably lower than those of the comparator fluoroquinolones (Ͼ50 to Ͼ100 mg/kg) ( Table  4 ). The ED 90 s of WCK 771 were about fivefold higher than those of vancomycin. When the comparable MICs of WCK 771 and vancomycin are considered, the doses of the former agent that afford protection in the mouse model are somewhat higher. This could be due to the relatively higher level of serum protein binding (ϳ80%) of WCK 771 compared to that of vancomycin (ϳ40%). The free C max of WCK 771, when it was dosed at the ED 90 , obtained in the systemic MRSA infection model (50 mg/kg) was about 3 g/ml, which is less than half the free C max of a 10-mg/kg dose of vancomycin (ϳ8 g/ml, as derived from the pharmacokinetic values obtained with a 50-mg/kg dose).
The organ load reduction shown in the disseminated systemic infection model (Fig. 3) indicates the promising potential of WCK 771 for the treatment of systemic MRSA infections, as this new agent demonstrated activity comparable to that of vancomycin in eradicating MRSA from organs. The dose of WCK 771 needed to eradicate infection was 2.5 times higher than that of vancomycin. However, in terms of multiples of the ED 90 required for systemic infection, WCK 771 and vancomycin were dosed at one and four times their ED 90 s, (Fig. 2) . The comparative assessment of WCK 771 with other potent antistaphylococcal drugs, such as moxifloxacin, vancomycin, and linezolid, by the s.c. route showed the advantage associated with WCK 771 therapy for both MSSA and MRSA infections. WCK 771 at a dose of 2.5 mg/kg achieved a superior bactericidal response against MSSA in vivo compared to those of the other drugs tested when all drugs were administered at 5 mg/kg. Pharmacokinetic data for WCK 771 at a dose of 50 mg/kg in mice showed that although the calculated unbound serum AUC and C max values for WCK 771 are lower than the values for any of the comparator agents studied (Table 6 ), the AUC/MIC ratios for unbound drug in serum were the highest for WCK 771, and the significant reduction in the bacterial load correlated well with AUC/MIC ratios that exceeded 25. These results reflect the activity that can be achieved in humans, as the AUC values achieved with the highest doses used in our model are similar to the values that can be achieved in humans. Specifically, the AUC 0-24 of unbound moxifloxacin in human serum when moxifloxacin is dosed at 400 mg as a single dose per day is 25 g ⅐ h/ml (11), which is similar to the value of 18.1 g ⅐ h/ml achieved in our model. The AUC 0-24 values for total and unbound WCK 771 achieved in human phase I studies when the drug was dosed at 200, 400, and 600 mg are 46.6 and 9.3, 93.5 and 18.7, and 154.5 and 30.9 g ⅐ h/ml, respectively (N. ; and it is envisioned that a dosing regimen of 600 mg twice a day will be effective against isolates for which MICs are as high as 2 g/ml. Our findings with this animal model support the clinical development of WCK 771 for the treatment of almost all infections due to quinoloneresistant staphylococci.
Among the comparator drugs studied, vancomycin and linezolid administered s.c. showed excellent pharmacokinetic values in mice in terms of both AUC and C max , as well as in terms of AUC/MIC ratios. However, the relatively poor pharmacodynamic effects of both these drugs compared to those of the fluoroquinolones might have resulted in a lower eradication efficacy due to the slower bactericidal action of vancomycin and the bacteriostatic effect of linezolid (6, 12) . The superior pharmacokinetic advantages of vancomycin and linezolid are reflected by the lower protective doses that we found in the mouse protection studies (survival with linezolid treatment; data not shown). Trovafloxacin showed superior AUC and t 1/2 values compared to those of WCK 771 and the comparator quinolones, which correlated with trovafloxacin having the highest efficacy among the fluoroquinolones studied in the MSSA systemic infection model. However, its lower efficacy against infections caused by quinolone-resistant MRSA could be attributed to its higher MICs coupled with its relatively higher level of protein binding. In the MSSA survival model, sparfloxacin was the next best agent after trovafloxacin, in line with its good pharmacokinetic profile.
The strong potency of WCK 771 against MSSA and MRSA strains is possibly due to its unique bactericidal mechanism of action and its resistance to efflux-mediated resistance, resulting in the combination of high-affinity targeting of staphylococcal DNA gyrase, coupled with efflux resistance, creating high intracellular drug concentrations. The use of various older fluoroquinolones (e.g., norfloxacin, ciprofloxacin, ofloxacin, and levofloxacin) that primarily target staphylococcal topoisomerase IV has led to widespread cross-resistance among members of this class due to the relative mutational vulnerability of topoisomerase IV (J. Campion, P. J. McNamara, and M. E. Evans, Abstr. 43rd Intersci. Conf. Antimicrob. Agents Chemother., abstr. A-1324, 2003). The reported 50% inhibitory concentration of racemic nadifloxacin for DNA gyrase is sixfold lower than that of topoisomerase IV (31) . Since the R isomer of nadifloxacin is devoid of significant antibacterial activity, the S-(Ϫ) isomer would have an even higher affinity for DNA gyrase. Recent publications suggest that DNA gyrase tolerates a smaller range of mutations than topoisomerase IV does (14) . The superior anti-MRSA potency of WCK 771 compared with those of the other agents tested is a possible reflection of a further improvement in affinity for DNA gyrase.
In summary, on the basis of the data presented in this study, WCK 771 has the potential to provide an attractive option for the treatment of infections due to MRSA, fluoroquinoloneresistant staphylococci, and staphylococci with lowered susceptibilities to glycopeptides, provided that ongoing clinical studies demonstrate its favorable pharmacokinetic parameters and favorable clinical outcomes with treatment with this agent.
